This paper describes a series of experimental studies to investigate the high-mass, low-velocity impact behaviour of reinforced concrete members including beams and slabs, and to provide high-quality input data and results to validate numerical modelling. Fourteen 2 . 7 m and four 1 . 5 m span beams, four 0 . 8 m square 76 mm thick and two 2 . 3 m square 150 mm thick slabs were tested under impact loads using a drop-weight facility. Measurements included transient impact loads, accelerations and strains in the steel reinforcement. Additionally the impact events were recorded using a high-speed video camera operated at up to 4500 frames per second. For the beam tests, the local failure pattern of a beam under the impact zone was examined by correlating the images of development of cracks, spalling and scabbing with the impact load history. For the slab tests, the imposed energy on a slab was compared with the minimum energy causing the slab to scab, which was predicted using empirical formulae. The investigations enabled a better understanding of the behaviour of reinforced concrete members subject to impact loads.
INTRODUCTION
Reinforced concrete structures might be exposed sometime in their lives to some extreme dynamic loading conditions owing to impacts. Typical examples include transportation structures subjected to vehicle crash impact, marine and offshore structures exposed to ice impact or dropped object impact from passing ships, protective structures under projectile or aircraft impact and civil structures impacted by tornado-borne debris. In recent years the assessment of the performance and vulnerability of concrete reinforced structures under an impact load has become more important. 1 Increasingly engineers are resorting to numerical models to carry out designs, assessments and safety checks, and there is a requirement for high-quality data from physical tests to assist in validation of these models.
When subjected to an impact load, structural members can behave differently compared with those under a static load, owing to the transient and usually localised pattern of impact loading. The dynamic properties of materials can also be different to those under static loading. Investigations [2] [3] [4] have shown that both concrete and steel are stress/strain rate sensitive: both the tensile and compressive strengths and Young's modulus can increase if there is an increase in the stress/strain rate.
There have been a number of studies of impact on reinforced concrete members, in particular drop-weight impact tests on reinforced and prestressed concrete beams. Kishi and his coworkers conducted drop-weight impact tests in which a beam failed in either a bending or shear failure mode. 5, 6 The impact forces, reactions and deflections of the beams were measured, and the absorbed energy of a beam was determined using the reaction forces at the supports and residual deflection of the beam at mid-span. Empirical design formulae were then proposed based on the static bending or shear capacity of a beam and required residual displacement. Given the dynamic nature of impact-loaded reinforced concrete structures, a degree of scatter was found between the test results and the predictions from the proposed design formulae.
A comprehensive series of tests on single-span reinforced concrete beams, using a drop-weight impact facility, was conducted by Hughes and Speirs. 7 The impacts were imposed to the top of the beams at mid-span through a plywood or steel pad, in order that the stiffness of the impact zone could be varied. In the majority of the tests the beam failed in a flexural mode, with flexural cracks at the bottom of the beam concentrated towards the mid-span, and at the top of the beam at 1/5 and 5/6 span. Diagonal cracks were observed in the impact zone and shear cracks at 1/3 and 2/3 span on the beam in some of the tests. It was found that the stiffness of the impact zone, which was a function of the impactor, the pad and the local stiffness of the beam, had a more significant influence than the support conditions on the response of the beam and that high vibration modes were more likely to be excited as the impact zone became stiffer. A theoretical analysis, based on an elastic vibration model of beams, was used to determine impact force-time history and limits of beam displacement. While the analysis gave a reasonable predication of impact forces and extents of beam displacement, it was concluded that a more accurate analysis would be beneficial in order to account for cracking, crushing, yielding of the reinforcement and strain rate effects, if there are any.
Agardh et al. 8 investigated the impact resistance of highstrength concrete reinforced concrete beams. Strain gauges attached to the surface of reinforcing bars were used to measure the reinforcement strains. A strain rate of 102/s in the reinforcement was reported to have been recorded. Strain gauges installed in this way are considered to affect the bond between the bars and surrounding concrete. It is therefore difficult for the gauges to provide accurate results where a crack occurs and they are easily damaged, as occurred with some of the gauges in Agardh's tests.
A vast number of investigations into reinforced concrete slabs under impacts have also been carried out. 9, 10 The effects of various parameters were studied, including size of slabs, ratio of reinforcement, shape of impactors and impact velocities. Both drop-weight and hydraulic testing machines were used to test slabs under low-velocity impacts (up to 10 m/s). 11, 12 The failure patterns found in the tests included spalling, penetration, scabbing, perforation and shear plugs. 13 Owing to the complexity of the impact behaviour of reinforced concrete structures, impacted structural members have been generally evaluated using empirical formulae to provide estimates on the extent of any impact damage, such as penetration depth, the possibility of scabbing or perforation for slabs 14 and the load capacity for beam. 5, 6 With the advancement of modern computing facilities and finite-element theories, more details of the dynamic response of structural members can be accounted for. [15] [16] [17] [18] Recently, computational techniques based on combined continuum/discontinuum (finite/discrete element) methods have been developed for simulating the impact behaviour of reinforced concrete beams, 19 especially within the nonlinear range when extensive cracking of the concrete can take place in conjunction with yielding of the steel reinforcement. The experimental work described in the current paper has been motivated by a lack of high-quality test results that has hampered the development and appraisal of such computational simulation techniques as mentioned above. The objective was to provide both the necessary input data for computation and results with which to appraise the numerical predictions. The strategy has been devised as that under the assumption that, by undertaking a controlled series of experimental studies, the final extent of the impact damage to the specimens together with the development of the failure mechanism in time can be recorded. The latter included monitoring the transient impact force, deformations/ accelerations, strains and the progress of cracking, spalling and scabbing during the tests. The findings from the study should also help to gain further insights into the impact behaviour of reinforced concrete structures.
DESCRIPTION OF TESTS

Details of beams
The beams, were either 1 . 8 or 3 . 0 m long, of span 1 . 5 and 2 . 7 m respectively, reinforced with two 12 mm diameter high yield steel bars at the bottom and two 6 mm diameter mild steel bars at the top, 6 mm diameter mild steel shear links at 200 mm centres, and 25 mm concrete cover to the main steel.
The tests on the beams were classified as type A and type B. Type A tests had a 12 mm thick plywood pad placed between a beam and the impactor, similar to some of the beams tested by Hughes and Speirs. 7 The results from the first few tests of type A beams were used to check the test procedure while also gathering additional data including video from the high-speed camera. Type B tests were used to investigate the effect of the impactor directly striking a beam. The details of the beam tests, including the dimension of the beams, the layout of the test and material properties can be found in Figure 1 and Table 1 .
It was considered that, although strain rate could have some effect on the impact behaviour of beams and slabs, the influence would not be significant owing to the low impact speed. The dynamic properties of the materials were therefore not explicitly tested.
Details of slabs
Two sizes of slab were tested: 760 mm square and 76 mm thick, and 2320 mm square and 150 mm thick. Details are given in Table 2 and Figure 2 .
Drop-weight impact system
The drop-weight system, as shown in Figure 3 , can be used to test up to 3 m span beams and up to 2 . 4 m square slabs. A frame with two vertical steel angle legs was used to guide the striker, which can be raised up to 4 m high. The striker comprised a mass, a load cell and an impactor. The mass had two guides on each side, which were lined with acetal, a material, in order to reduce the friction. The striker was lifted, using a winch, by a steel wire rope that is attached to the striker by an electromagnet. When the striker was at the required height it was released by switching off the magnet. To prevent an accidental release of the striker owing to a failure of the magnet, there was a mechanical link between the rope and striker, which was released prior to switching off the magnet.
Two types of impactors were used in the tests. The first was a stainless steel impactor with a 90 mm diameter and a hemispherical profile of 125 mm radius, the second was made of mild steel with a 100 mm diameter and a flat contact face (Figures 4(a) and (b) ).
In the beam tests, a beam was either pin-ended or simply supported at the two ends. The 'pin-ended' supports, as shown in Figure 4 (c), allowed rotation but were restrained axially and vertically by means of plates that clamped the beam. The supports were converted to 'simply supported' by releasing the clamps to allow horizontal movement and a small amount of upwards vertical movement, up to 50 mm, but no downward vertical movement.
The slabs were clamped at the four corners with both horizontal and vertical movement restrained (Figure 4(d) ).
Instrumentation
The sensors that were employed to monitor the tests and provide high-quality data are outlined below.
(a) A high-speed video camera, Kodak HS Motion Analyzer, was used to record the impacts at a rate of 4500 frames per second with a resolution of 256 3 256 pixels. Higher rates could be used, but with a reduced resolution. The camera had a memory of 3 GB with which a total of approximately 40 000 frames of image could be recorded. The images recorded by the camera were initially stored in the camera's memory and then transferred to the hard drive of a computer. (b) In most tests the impact forces were measured using a load cell, which was placed between the mass and the impactor. For tests where the impact load was expected to exceed the capacity of the load cell, the impact force was derived from accelerometers installed on the striker. (c) Acceleration at various points on a beam or slab was measured using accelerometers. To reduce noise, the results from accelerometers were filtered with a Butterworth filter with a cut-off frequency of 2000 Hz. (d ) In some of the tests, the reinforcement had strain gauges placed inside the bar, using a technique developed by Scott and Marchand. 20 By this measure the strains in the reinforcement could be recorded without affecting the bond between the reinforcement and surrounding concrete. (e) Two electronic triggers spaced at 40 mm at the bottom of the guiding legs of the frame measured the velocity of the striker at the moment of impact. An additional trigger was used to enable recording of the transducers and high-speed video camera to commence simultaneously.
The outputs of the load cell, accelerometers and strain gauges were amplified and then fed into an A/D data acquisition computer module at a sequential sampling rate of 500 kHz.
In all the tests, the striker was unrestrained vertically so that after the first impact it rebounded and then fell to impact the specimen again. The deformation of the structure member and propagation of cracks could thus further n/a n/a n/a n/a a 6 229 À0 . develop under subsequent strikes. The response of the specimen under these strikes was, however, not as significant as under the first impact. In the present paper only the behaviour of the member under the first impact, which lasted for about 50 ms for the beams and 20-30 ms for the slabs, is examined. Table 3 lists the maximum impact forces, peak times, the time at which the maximum impact force occurred, and failure modes of the beams. Seven A1 beams were tested to assess the repeatability of tests and to give an indication of scatter. The transient responses of these beams were found to be remarkably similar to each other and the failure patterns were the same.
BEAM RESULTS
Repeatability
For seven A1 beams, the average maximum impact force was 230 kN with a variation of up to 3%, and the average peak time was 1 . 8 ms with a variation of up to 22%. A beam similar to beam A1 failed at less than 20 kN under static loading. 7 There were repeat tests of beams A2, B1 and B2, the results of which were similar to the initial tests. Figure 5 shows typical impact load-time histories for a number of beams. Comparing Figure 5 (a) for beam A1, which was pinended, and Figure 5 (b) for beam A2, which was simply supported, both of 2 . 7 m span, it is found that the load-time histories are very similar. It would therefore appear that the end conditions have little effect on the impact response of the beams; however, the impact force is dependent on the span of a beam. This finding is similar to that noted elsewhere. 7 The plywood interface, the properties of which are given by Hughes and Speirs, 7 and the flat impactor appear to have distributed the impact force in a similar way. Thus the impact load-time histories of, for example, beam A3, which had a 12 mm thick plywood section between the impactor and the beam, and beam B4, which was struck directly by a flat impactor, are similar.
Transient impact forces
It is difficult to draw any conclusion regarding concrete strength on the peak load. For example, a comparison between beam A1* and the set of beams A1 shows that, while the concrete strength is about 30% less, the peak load is 45% less. Similarly for beams B1 and B1* the ratios are 27% and 13% less and for B3* and B3 30% and 70%. This is an area that requires further investigation. Figure 6 shows the acceleration-time histories from the records of accelerometers attached to the top of beam A2.
Transient accelerations
Transient reinforcement strains
The strains in the steel reinforcement in the bottom of a beam were measured in a number of tests. Figure 7 shows the reinforcement strain-time history for beam B3. The yield strain of the reinforcement was of the order of 3000 ìå and thus it can be seen that generally the reinforcement had yielded during the initial impact.
The maximum strain rate recorded in the tests was 32 . 5/s.
High-speed camera recording
A high-speed camera was used to record the local response of the beams in the impact zone throughout the loading. Typical video footage generated from the images captured by the camera is available. Figures 8 and 9 show the impact load-time histories, together with a number of images taken from the camera, to show the crack development adjacent to the impact zone for beam A1 and beam B3, respectively. Figure 8 shows that, initially a group of diagonal shear cracks formed on beam A1 as the load reached its maximum at 2 ms. This was followed by the development of vertical flexural cracks. Separation between the impactor and beam occurred at about 10 ms, which is indicated by zero impact load, though both the beam and striker continued to move downwards. At this time some spallation of the concrete can be observed directly beneath the impactor. The impactor and beam then regained contact, more cracking occurred and the spallation became more apparent. At 50 ms the beam and impactor separated again as the latter started to move upwards.
Correlation between transient load and beam crack development
In Figure 9 it can be seen, however, that there was virtually no cracking on beam B3 before the impact force reached its maximum at 0 . Mode a failure occurred on type A beams, namely those with the plywood interface. There was less damage in this type of failure than in modes b and c, described below, owing to some of the impact energy being absorbed in deforming the plywood. Mode b. This was a mainly localised failure at the impact zone with extensive concrete crushing below the impactor, and yielding of the tension steel bars, as shown in Figures 10(d) and 10(e) for beams B1 and B2 respectively. Away from the impact zone the cracking was similar to that of mode a failure. This mode of failure occurred on beams impacted directly with the hemispherical impactor. Mode c. This was similar to mode a failure, but was accompanied by loss of the concrete cover to the tension steel reinforcement at the bottom of a beam owing to scabbing, as shown in Figures 10(f) and 10(g) for beams B3 and B4 respectively. It occurred on beams impacted directly with the flat impactor.
SLAB RESULTS
Transient impact load
The striker for slab 1 comprised the hemispherical impactor and mass but no load cell. The test was carried out to establish if perforation of the slab would occur, which could have led to damage to the load cell if it had been installed. Thus there was no record of the impact load for slab 1. Figure 11 shows the impact load-time histories for slabs 2 to 6. For slabs 2 to 5, the loads were measured using the load cell. For slab 6, the load was determined from the accelerations measured by an accelerometer attached to the dropping mass, because the impact load exceeded the capacity of the load cell.
From Figure 11 (a) it is seen that for slabs 2 to 4 after reaching the peak load the load fell until it arrived at a plateau of approximately half of the peak load. In slab 6 the magnitude of the plateau load is about one-ninth of the peak load, in slab 5 the plateau is absent. During this time local failures owing to penetration and scabbing, accompanied by yielding of the reinforcement, were observed to various degrees in slabs 2 to 4 and 6. Slab 5 shows little signs of failure, as will be discussed later. Off centre 600mm respectively. There is little difference between the phases of the two accelerations measured at different points on slab 4. On slab 6, the difference in the phases of the accelerations is more evident for the first 5 ms but reduces as time increases. On slabs 5 and 6 the accelerometers were placed further apart than those on 0 . 76 m square slabs and it is considered that the difference in the phases of the accelerations reflects the lag in response of the various parts of the 2 . 3 m square slabs owing to the wider spacing.
Transient reinforcement strains
The strains in the reinforcement in slab 6 were also measured and the results are shown in Figure 13 . The strains indicate that some of the reinforcement yielded during the test. Figure 14 shows the damage, after the impact, to the top and bottom faces of the slabs. On the 76 mm thick slabs 1 to 4 there was a larger amount of concrete debris, in the form of both small particles and larger blocks, ejected owing to scabbing than on the 150 mm thick slabs. This was due to the proportionally more significant amount of energy in the impacts on the thinner slabs. There was also some scabbing on slab 6, but on the other thick slab, slab 5, in which the mass of the impactor was approximately half that for slab 6, scabbing was not fully developed. There was also a significant amount of penetration of the impactor in slabs 1 to 4 and 6 but very little in slab 5. Note: centre.
Local damage and comparison with empirical formulae
strain gauges with same distance away from the centre were placed opposite of the Figure 13 . Transient reinforcement strain in slab 6 Table 4 gives the size of scabbing zones and the weight of ejected debris for the slabs. Using a hemispherical impactor was found to create a more circular scabbing zone on the bottom face of a slab than that caused by a flat impactor as used on slab 3. This is because the stress wave caused by the hemispherical impactor may have propagated more uniformly owing to the progressive contact between the impactor and the top face of the slab.
Together with test results, Table 4 also gives predictions related to scabbing using various empirical formulae. The predictions are the minimum thickness of a slab to prevent either scabbing or perforation and the minimum impact energy required to cause scabbing. For example, for a 98 . 7 kg mass with a velocity of 6 . 5 m/s impacting a slab similar to slab 1 with a compressive strength of concrete at 60 N/mm 2 , the modified NDRC formula 14 predicts that perforation would occur if the thickness were less that 58 mm and scabbing would occur for thicknesses less than 130 mm. The impact energy needed to cause scabbing of a 76 mm thick slab is 2 . 2 kJ, based on British Nuclear Fuels (BNFL) formula. 22 A comparison of the test results with the predictions suggests that empirical formulae work well for slabs 1 to 4. It is found that the thickness of the slabs, 76 mm, falls in the range of slab thicknesses predicted for scabbing, and scabbing did occur when the impact energies close to those predicted were deployed in the tests. For slabs 5 and 6, the formulae seem not do as well as for 76 mm thick slabs. For example, little scabbing was observed in the tests, even though the impact energy used in the tests was greater than that predicted using the BNFL formula for scabbing,
The video footage is also available for the slab tests. 21 In general, however, the video footage obtained was considered not to be as useful as that obtained in the beam tests.
CONCLUSIONS
An experimental investigation into the behaviour of reinforced concrete beams and slabs under high-mass low-velocity impact loads has been described. Transient measurements of impact force, accelerations on the beams and slabs, and the strain of reinforcement have been presented. The beam tests have confirmed the findings of others 7 that beam supports have less influence on the impact force than the span. It has also been found that the plywood interface, which was used in some tests, distributes the force in a similar form to a flat impactor. The records from the high-speed camera have enabled the impact response of the beams in terms of cracking, scabbing and spallation to be correlated against the load-time histories. A comparison of the impact energy deployed on the slabs and that predicted using the empirical formulae shows that the formulae were unable to give an accurate prediction for the 150 mm thick slabs though the predictions were satisfactory for the 76 mm thick slabs under high-mass low-velocity impacts. Some of the data produced from this study have already been used to calibrate numerical procedures for the simulation of impact-loaded reinforced concrete structures and further use can be expected. 
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